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ABSTRACT

The primary objective of incorporating fibers into concrete is to enhance its load-bearing capacity subsequent
to cracking, thereby demonstrating its augmented toughness. Additionally, the incorporation of fibers into
concrete has been demonstrated to enhance safety, utility, service life, performance, and durability of concrete
structures, particularly in terms of crack control. Non-destructive testing are important tools for inspection
and monitoring the integrity and service life of reinforced concrete structures. This research evaluated the
mechanical performance, electrical resistivity (surface and bulk) and ultrasonic pulse velocity of concrete
reinforced with polymeric fibers. Three different volumes (V) of copolymer-based fibers (0.5%, 1.0% and 1.5%)
were considered. The type of concrete with polyethylene/polypropylene-based fibers was also considered with
a V,of 1.0%. Tests were conducted to determine the material’s compressive strength, modulus of elasticity, and
flexural tensile strength, as well as surface electrical resistivity, bulk resistivity, and ultrasonic pulse velocity.
A detailed discussion of the results was conducted, with particular reference to statistical analyses, micro-
mechanisms and correlated data. Consequently, an increase in V, had a negative effect on the compressive
strength and modulus of elasticity. As expected, there was a significant increase in the residual flexural tensile
strength. An increase in V| tends to reduce resistivity, particularly surface electrical resistivity, while the
ultrasonic pulse velocity remains essentially unchanged. The optimum V, of copolymer-based concrete of
this study was determined to be 1%, and the performance of the three types of fibers studied (copolymer-
based and polyethylene/polypropylene-based) was found to be “equivalent”. A comprehensive evaluation of
the properties revealed that FRC (Fiber-Reinforced Concrete) exhibited distinct advantages, particularly with
regard to its residual flexural tensile - strengths.

Keywords: Mechanical Performance; Polymeric Fiber; Non-destructive Testing; Ultrasonic Pulse Velocity;
Electrical Resistivity.

1. INTRODUCTION

In the civil construction industry, the demand for durable concrete structures is driven by the necessity to mini-
mize maintenance and repair costs, as well as the frequency of interventions of maintenance and repairs through-
out the structure’s service life and lifecycle [1-3]. In this regard, fibers have proven to effectively enhance the
mechanical properties of concrete, including its tensile and flexural strength, ductility, strain capacity, post-peak
behavior, and toughness [4—6]. In addition, the use of the fiber-reinforced concrete (FRC) has been shown to
durability and performance under adverse field conditions, such as low vacuum drying environments (100 Pa)
[7], chemical exposure [8], chloride attack, high temperatures [9], sulfate attack, dry-wet cycles [10], and com-
bined effects of temperature and moisture [11].

The characteristics of FRC are known to be contingent on several a number of factors, including the
mixing procedures, casting, the cementitious matrix, the matrix-fiber interface, and the properties of the fibers.
These properties include their material, geometry, surface, stiffness, tensile strength, fiber volume fraction,
shape, orientation, and distribution in the matrix [4, 12—16]. Fibers can also be classified, according to their
origin, into natural fibers, such as cellulosic fibers [17, 18], mineral-based (basalt) [13—17], and synthetic fibers,
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such as steel fibers [20, 21], polymer fibers [22-24], and glass fibers [25, 26]. Moreover, synthetic fibers, as
polyethylene (PE) and polypropylene (PP) are generally more resistant to water, heat, and chemical degradation
than natural fibers, including coconut and sisal fibers [27]. Furthermore, polymeric fibers are produced on a large
scale and they have versatile applications, including textiles, the automotive industry, laboratory equipment,
civil construction, and reusable packaging [28].

According to the standard EN 14889-2 [29] polymer fibers are defined as straight or deformed pieces of
extruded, oriented, and cut material suitable for homogeneous mixing into concrete or mortar. Consequently,
this standard establishes a classifications system that includes: micro fibers and macro fibers.

The classification system in question has been developed to facilitate the differentiation of these fibers
based on their diameter and function in concrete applications. Consequently, the macro fibers, with a mean
length ranging from 30 mm to 50 millimeters, are designated as structural fibers due to their capacity to transfer
the loads exerted on the structure and to substitute for conventional steel bar reinforcement. In contrast, micro-
fibers, measuring less than 30 mm, have the function to mitigate the formation of small cracks in concrete, such
as those induced by plastic shrinkage. This, in turn, enhances post-cracking behavior [17].

Moreover, polymeric fibers are recyclable [28] and can offer advantages such as lower fiber consumption
per cubic meter of concrete and a superior final surface finish when compared to metallic fibers. They can also
reduce operational expenses relative to welded wire mesh, with the added benefit of preventing corrosion. In thin
concrete structures, polymeric fibers can further decrease construction time and costs compared to wire mesh or
steel fibers [30-33] as they eliminate the need for storage, handling, cutting, and the associated material losses.
Additionally, they provide non-magnetic and non-conductive reinforcement. The selected fibers are capable of
improving crack control, plastic shrinkage performance, corrosion resistance, as well as resistance to impact,
fatigue, shear, and abrasion. Owing to their geometry, these fibers can provide adequate anchorage within
the matrix, functioning effectively as short, staple fibers that are randomly dispersed and three-dimensionally
oriented in the concrete [12, 34].

Besides that, polymeric FRC enables the construction of thinner pavements with lower embodied energy
in the final product [35], decorative pavements, fountains, sculptures, artificial rocks, and skate parks [31]. Its
use also extends to pavements industrial and commercial floors, airport runways, and parking lots, tunnels,
slab-on-grade foundations, concrete pipes, blast-resistant structures, shotcrete applications, slender structures
elements, parking lots, walls and panels, basements, road pavements, overlays, thin precast elements, and garage
basements [36-38]. In many of these applications, polymeric fibers offer the potential for cost reduction by
replacing high-modulus steel fibers [39].

In a similar manner, studies have shown that FRC containing PE fibers (0.75% and 1.50%) exhibit
strain-hardening behavior, whereas FRC reinforced with PP demonstrates brittle fracture behavior. However,
under compressive loading, both PE and PP-reinforced FRCs exhibit ductile failure. Nevertheless, PE-
reinforced FRC established a higher ultimate load capacity and superior post-peak ductility. The performance
has been attributed to the low-vacuum condition, which enhances fiber-matrix interfacial bonding and increases
energy dissipation during both fiber debonding and pullout. So, this mechanism promotes strain-hardening in PE
FRC [7]. Conversely, Palanisamy and Ramasamy [40] investigated the mechanical properties of polypropylene-
reinforced FRCs. The concrete mix containing 2% polypropylene fibers demonstrated only a marginal
enhancement in average compressive strength [40].

However, Islam and Waseem [41] investigated the mechanical and fracture properties of concretes
reinforced with polypropylene fibers. The incorporation of polypropylene fiber resulted in a slight reduction
in compressive strength, while producing the most substantial increase in the concrete’s split tensile
strength. In another study, Castoldi et al. [42] reported that polypropylene fiber reinforcement reduced crack
propagation and widening, while enhancing the flexural toughness, fatigue resistance, and impact resistance
of the concrete.

Other research has observed that the addition of polyvinyl alcohol (PVA) fibers significantly enhances
the flexural strength of cementitious composites through effective fiber bridging, although their contribution
to improvements in compressive strength remains minor [43]. In fact, fiber-reinforced concrete can exhibit
increases, maintenance, or even reduction in compressive strength, depending on variables related to the fiber
phase, the matrix, and the matrix-fiber interface, as well as the mixing, molding, and compaction procedures
of the cementitious mixture [4, 13—15]. Nevertheless, in general, some ductility and post-peak load-bearing
capacity are retained compared to concrete without fibers [44].

Non-destructive testing (NDT), including ultrasonic pulse velocity (UPV) and resistivity measurements,
comprises methods for evaluating concrete structures without causing damage. NDT can be considered a
complementary tool for in-situ inspections and for monitoring the integrity and service life of structures. In addition,
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these techniques have gained widespread recognition due to their extensive use in both -professional practice and
scientific research. They are cost-effective, rapid, and allow for in-situ and laboratory evaluation [40].

Regarding UPYV, this technique has great potential for assessing concrete homogeneity, as it can identify
flaws, localized defects, and non-conformities in batches or regions of structural or non-structural concrete, with
or without fibers [45]. Numerous studies have established a strong exponential correlation between UPV values
and the compressive strength of cementitious composites.

This highlights the strong potential of these techniques for estimating concrete strength analyses in this
field must conducted with caution, as numerous factors can cause deviations between estimated and actual
strength values [46, 47]. Indeed, higher UPV values indicate uniformity and relatively good quality of con-
crete, including FRC, whereas lower UPV may signify the presence of cracks or voids and defects. Canovas
[48] relates concrete quality to the UPV values. According to this classification, values below 2000 m/s are
associated with concrete of regular and poor quality, values above 3000 m/s indicate good quality, and values
exceeding 3500 m/s correspond to concrete of very good to excellent quality [48].

Acebes et al. [49] investigated the effect of steel fibers on the ultrasonic velocity of FRC. By
combining micromechanics analysis with ultrasonic velocity concept, and considering capillary porosity, air
voids, and steel fiber inclusions. They found that ultrasonic velocity decreased as the volume fraction of steel
fiber increased. Alharthai ef al. [50] used UPV technique to evaluate concrete containing varying amounts of
recycled aggregates and polypropylene fibers (1%, 2%, and 3%) with a length of 12 mm, along with fly ash and
silica fume. In all the concretes made with only natural aggregates, the addition of fibers increased the wave
propagation velocity, with a 27% increase observed after 28 days in the concrete containing 3% fibers compared
to the concrete without fiber. The UPV of fiber-reinforced concrete increased with the fiber volume fraction (V)
compared to reference concrete. Improvement can likely be attributed to the presence of mineral additions. UPV
values of 2650 m/s were found in concrete without fibers, while 4900 m/s were recorded in concrete with fibers.

Castillo and Hedjazi [51] investigated the correlation between dynamic modulus and compressive
strength of FRC containing nylon, polypropylene, stainless steel, and glass fibers, and UPV at early ages. The
addition of nylon and polypropylene fibers (19 mm length) reduced the UPV related to plain, likely due to lower
densities and reduced workability, which resulted in more voids. In another study, Yazici ef al. [52] estimated
the splitting tensile, compressive, and flexural strengths of steel fiber-reinforced concrete (SFRC), considering
the fiber volume fraction and the aspect ratio. They established several empirical relationships between fiber
strength reinforcement and UPV.

Electrical resistivity (Re) is a physical property that serves as an indicator of concrete durability and is
a valuable parameter for the inspection, evaluation, and diagnosis of reinforced concrete structures, with or
without pathological issues. Being completely non-destructive, the Re technique can be used associate with
other methods and employed for specification and quality control of concrete both in the field and in the
laboratory [53, 54].

Furthermore, researches have shown that electrical resistivity is a highly versatile technique. Its results
can indicate different variations in concrete compositions, porosity, and permeability, differences in moisture
or saturation levels, aggregate segregation, self-healing behavior, hydration of alkali-activated materials,
and the presence even at ecarly stages of aggressive agents, particularly chlorides and sulfate [46, 55-66].
Re enables the application of surface response and machine learning techniques to predict concrete properties
based in resistivity measurements [67]. However, this technique is also influenced by factors such as
sample size and geometry, electrode spacing , and the concrete internal moisture condition of the concrete
[46, 68—70].

The literature correlates surface electrical resistivity (Re) values with the probability of corrosion of steel
reinforcement in concrete. Higher resistivity values generally indicate of low internal moisture or low probabil-
ity of corrosion of steel reinforcement in concrete (above 20 kQ.cm). Resistivity values between 10 and 20 kQ.
cm are associated with low probability of corrosion, values between 5 and 10 kQ.cm indicate high probability,
and values below 5 kQ.cm correspond to a very high probability of corrosion [71].

Also, logarithmical approach has been established between electrical resistivity and compressive strength
for concrete without fibers, with an R-Squared (R?) value exceeding 0.98. Both parameters are directly propor-
tional, meaning that higher compressive strength corresponds to higher electrical resistivity [72]. This behav-
ior has also been noted in other studies [73, 74] and it is attributed to the clear influence of porosity on both
properties. Araujo and Meira [75] found correlation curves between compressive strength and surface electrical
resistivity, as well as between splitting tensile strength and surface electrical resistivity for Brazilian concretes
without fibers. These relationship are expressed fc = 14.18-In(p) + 18.43 and ft = 0.69-In(p) + 2.15 for compres-
sive strength and splitting tensile strength, respectively.
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The presence of fibers, as well as their type and content, can alter the electrical resistivity values of
cementitious materials. [76] studied the electrical resistivity of different types of mortars containing carbon and
PVA (polyvinyl alcohol) fibers. Mortars reinforced solely with PVA fibers showed significantly higher resistivity
than those with only carbon fibers. Moreover, increasing the PVA fiber content led to a decrease in resistivity.
[77] analyzed the electrical resistivity of concrete containing conductive fibers (steel) and non-conductive
fibers (macro-polypropylene, micro-polypropylene, and micro-nylon), with and without silica fume. The results
showed a slight reduction in bulk resistivity with the addition of non-conductive fibers in plain concrete, along
with minimal variation in surface resistivity.

The objective of this work is to evaluate the mechanical performance (compressive strength, modulus
of elasticity, and flexural tensile strength) at 28 days of polymeric fiber-reinforced concretes, considering dif-
ferent fiber types and contents, while also analyzing surface and bulk resistivity and ultrasonic pulse velocity
(UPV).

1.1. Research significance

The paper makes significant contributions to the scientific and technological fields. It presents experiments
with various volumes of polymeric fibers and evaluates their impact on the mechanical performance of con-
crete, including compressive strength, modulus of elasticity, and tensile strength. In addition, non-destructive
techniques and durability indicators were employed to assess the Brazilian fiber-reinforced concretes. These
indicators included surface and bulk electrical resistivity and ultrasonic pulse velocity.

The use of UPV has been shown to facilitate the estimation or prediction of the behavior of concretes
produced in batching plants with various types and volumes of fibers.The data obtained were subjected to
statistical analysis and correlation assessment. An effort was made to explain the results and their trends in
terms of macro-, meso-, and micro-scale mechanisms. Consequently, the findings of this study provide valuable
insights for engineers and practitioners involved in the design and application of fiber-reinforced concretes.

In Brazil, several standards for fiber-reinforced concrete have been published in recent years (2021). The
construction market and consumers are currently adapting to these new regulations. These standards cover the
design of fiber-reinforced concrete structures [78], the determination of cracking and residual tensile strengths
using the double-punching method [79], and the quality control of fiber-reinforced concrete through the
assessment of flexural tensile strengths (proportionality limit and residual strengths) [80]. Standard [78] exhibits
technical equivalence with the European standard EN 14651 [81], which also establishes criteria for evaluating
the residual flexural tensile strength of fiber-reinforced concrete. Additionally, it establishes standardized
procedures for obtaining parameters such as fR1 and fR3 in performance-based design [78], thereby facilitating
international comparison and the practical application of the results [81]. The performance of fiber-reinforced
concretes produced with Brazilian materials requires further investigation, particularly concerning durability.

In addition, the present paper aligns with the United Nations Sustainable Development Goals specifi-
cally Goals 5, 8,9, 11, 12, 13, and 17. The paper proposes the implementation of public-private partnerships to
strengthen regional and local civil construction markets and advocates for greater female authorship in academic
publications. The study emphasizes the importance of durability, longevity, and performance of reinforced con-
crete structures, aiming to reduce the consumption of natural raw materials and minimize the need for premature
maintenance.

2. MATERIALS AND METHODS

In this research, Brazilian concrete mixtures were evaluated to analyze the type and volume of fiber (V,) and
its correlation with UPV and resistivity data in mechanical behavior. Thus, several types of concretes were
produced: one type reference (without fibers) and three types with copolymer fibers at different volumes (0.5%,
1.0% and 1.5%). Two types had a fixed fiber dosage of 1% with a mix of polyethylene and polypropylene fibers
from different suppliers.

Besides that, the concrete mix design was based on plot chart and preliminary tests conducted at the con-
crete plant for urban concrete pavements and concrete floors. Thus, the compressive strength of fiber-reinforced
concrete must be within the range of 35 MPa to 45 MPa, and its minimum tensile strength in bending must be a
minimum of 3.8 MPa (roads with commercial vehicle traffic). Additionally, the minimum cement consumption
must be 300 kg/m3, and harder aggregates must be used, as described in [82, 83, 84].

2.1. Materials

The concrete constituents employed in this study included Portland cement as a primary binder, fine and coarse
aggregates, water and a chemical admixture. Thus, the Brazilian Portland cement type CP V (composed of
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0-10% in mass of limestone filler and 90-100% of clinker - with a small amount of calcium sulfate) was used.
This cement type has a minimum compressive strength requirement of 14 MPa at the age of 1 day [85], which
is similar to the American cement Type III [86]. Also, this cement is in accordance with Brazilian standards
specifications. In addition to, two types of sand (see Figure 1a) and coarse aggregates (two gneiss crushed
rocks) (see Figure 1b) [87], were used [88]. According to ACI 544 [15], the utilization of coarse aggregates with
dimensions exceeding 19 mm is not recommended for fiber concretes because of the workability and consis-
tency requirements. The specifications of other materials and the characterization tests conducted are provided
in Tables 1 and 2.

The water-reducing chemical admixture was used to enhance workability and reduce water content. It
possessed a specific gravity of 1.11 g/cm?, 24.55% solid content and pH of 5.21 [89] similar to [90]. Tap water,
defined as potable water from the public distribution network was utilized [91, 92]. These materials were chosen
based on local availability. Three types of polymeric fibers of low modulus [93, 94] were added to the concretes
studied (see Figure 2). The technical characteristics of the fibers are presented in Table 3. These types of fibers
are used in Brazil in commercial concrete plants for various applications, including for industrial and commer-
cial flooring. The employment of these fiber types offers the advantages of reduced fiber consumption per cubic
meter of concrete and an enhanced final concrete finish in comparation to metal fibers [77, 94, 95]. Furthermore,
these polymeric fibers can be used in a variety of other applications in concrete, including parking lots, walls
and panels, basements, slabs-on-grade, concrete pavement in slab format and molded in situ, road pavements
and overlays, steel slabs, thin precast elements and garage basements [30, 32, 33, 36-38].

Figure 1: Material used: (a) fine and (b) coarse aggregates, respectively.

Table 1: Chemical and physical properties of the Portland cement used.

MATERIAL CHEMICAL INSOLUBLE | LOSS ON | SPECIFIC | SPECIFIC COMPRESSIVE
COMPOSITION (%) RESIDUE IGNITION | GRAVITY | SURFACE STRENGTH (MPa)###*
MGO** SO,* e oy (glem’) AREA 1 DAY 7 DAYS 28 DAYS
3 (m’/kg)
Brazilian 4.83 4.12 332 2.59 3.08 501.6 26.7 39.8 473
cement
CP V ARI [89]

According to Brazilian standard [89] for this type of cement these properties must be less than or equal to the *sulfur trioxide 6.5;
**magnesium oxide 4.5; ***Insoluble Residue 6.5; ****]oss of ignition 3.5 and ****compressive strength requirement minimum at the age
of 1 day 14 MPa and 34 MPa at age of 7 days [89].

Table 2: Properties of the fine and coarse aggregates.

PROPERTIES UNIT NATURAL CRUSHED GRAVEL 1 GRAVEL 0
SAND SAND

Specific gravity glem? 2.62 2.78 2.89 2.82

Maximum nominal size mm 0.60 4.80 19.0 12.5

Fineness modulus - 1.17 2.70 5.90 5.90

Powder content amount % 0.48 4.70 0.21 1.27
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Figure 2: The fibers A (copolymers-based), B and C (Polyethylene and polypropylene mix-based) used.

Table 3: Technical characteristics of the fibers used.

CHARACTERISTICS A B C

Base Polymer [94] Copolymers Polyethylene and Polyethylene and
polypropylene mix polypropylene mix

Specific gravity (g/cm?) 0.91 091-0.92 0.92

Length (mm) 51 58 51

Aspect ratio L/D 79 No informed 74

Tensile strength (MPa) 620 — 685 640 600 — 650

Elastic modulus (GPa) 5 10 9.5

Quantity recommended by the 1.8-3.0 25-5.0 1.8-12.0

manufacturers (kg/m?®)

Commercial name TUF-STRAND Maxten BarChip MQ58 TUF-STRAND SF

Appearance Monofilament Short and single Monofilament

Type of grouping [949] Grouped in bundles

2.2. Concretes
Table 4 presents the concrete mixtures proportions.

The fiber A was incorporated into the concrete in percentages of fiber volume (V) of the 0.5%, 1.0%, and
1.5% by mass relative to the cement content. In order to conduct a comparative study, fibers B and C were added
with a V of 1.0% content. These V, are justified because they are the most commonly used in projects requiring
fiber-reinforcing concrete in the region of this research. This is based on the literature [77, 95-97].

Cement consumption was kept constant level. The slump test was controlled to ensure adequate work-
ability. The measurement of 135 + 10 mm (S-100 class between 100 mm < slump < 160 mm) was recorded for
concrete structural elements with conventional casting [98—100] similar to [101].

It is known that the incorporation of fibers into concretes changes the rheology, workability and consis-
tency. This phenomenon was observed to occur with minor variations in diameter, with an average measure-
ment of 135 £ 10 mm, as depicted in Table 4. Thus, an unfavorable combination of cement matrix properties,
fiber-matrix interface properties, fiber (V,, type, material, shape, and length), and mixer power and mixer speed
can result in inadequate fiber dispersion and homogenization in the mix, agglomerations, lump formation, and
significantly reduced workability, casting capacity, and compaction, even with the use of chemical admixtures
and mineral addition [4, 13, 14]. So, as expected, the incorporation of fiber-reinforcing reduced the workability
of the all concretes studied (Table 4), with the exception of C1.5A, which exhibited an augmented water content.

At the same time, a greater volume of fibers can result in a change of speed of propagation of ultrasonic
waves, due to formation of voids and or clumping. Furthermore, although large volumes of fiber are desirable
from the point of view of improving mechanical behavior, practical application limitations may occur (greater
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than 2%), from the point of view of mixing, workability, molding and compaction of fiber-reinforcing concretes
[4, 13, 14, 36].

Since the fibers can absorb some water during mixing, more water was added to achieve the applicable
slump. This altered the water-to-binder ratio (w/b) between of the studied mixes. Table 4 indicates as that the
fiber volume increased from 0.5% to 1.5% (copolymer-based fiber), a small amount of additional of water was
required, resulting in a s slight increase in workability, from 130 mm to 145 mm, as measured by the slump test
[99-101]. Otherwise, when comparing concretes with same V(1.0%) and the same amount of water and chem-
ical admixture, only the concrete with C fiber had a higher workability value (140 mm). This could be result of
the different types of fibers, their geometry, surfaces, and fiber-matrix interfaces.

The concretes were produced in a stationary unit using a mechanical mixer. It was considered the fiber
types, mixing time, mixer energy of mixer and workability of concretes to prevent clumping and segregation
on the concrete. The fibers were introduced into the concrete mixture after the cement, aggregates, water, and
chemical admixture to prevent clumping and ensure uniform dispersion (Figure 3). After adding all the compo-
nents, the mixture was kept under constant agitation at high speed for 5 minutes. This controlled process ensured
the homogeneity of the mixture and the dispersion of the fibers, thereby improving the concrete’s performance.

Next, the specimens were molded using mechanical vibration (a needle-type immersion vibrator).
Cylindrical and rectangular concrete specimens were molded for testing in a hardened state [102]. Samples
with dimensions of 10 x 20 cm (diameter and height) were molded in one layer for while the rectangular
specimens (15 x 15 x 60 cm) were molded in three layers. After molding, plastic films were applied to the
specimens’ surface and before demolding. At the age of three days, the specimens were demolded and placed
in a controlled chamber with controlled humidity and temperature (an average 95% humidity and 25°C) until
the of age of testing.

2.3. Mechanical and Non-destructive Testing Methods

Figure 4 shows the setup for the compressive strength, modulus of elasticity; surface electrical resistivity (with
50 mm and 38 mm probe spacing), bulk resistivity and ultrasonic pulse velocity tests. At the age of 28 days, the
specimens were tested. Three sample replicas were used. The concrete specimens were tested using a mechan-
ical test, i.e., compressive strength [103], similar to [104, 105], modulus of elasticity [106,107], and flexural
tensile strength [80, 82].

The specimens for compressive strength, modulus of elasticity, surface electrical resistivity, bulk
resistivity and ultrasonic pulse velocity tests were cylindrical with dimensions of 100 mm in diameter and
200 mm in height, as mentioned before. Also, for the flexural tensile strength test, the specimens were prisms
with dimensions of 150 x 150 x 600 mm.

Compressive strength tests were development using neoprene discs confined in metal supports
(Figure 4a). The tests were performed using an EMIC PC200 machine coupled with an EMIC DL 30000
electromechanical machine, with a 2000 kN load cell, at a loading speed of 0.45 MPa/s.

|
4

Figure 3: The addition of fiber into the concrete (left) and concrete in the fresh state (right).
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Figure 4: Mechanical test experimental setup for cylindrical specimens: (a) compressive strength test and (b) static modulus
of elasticity test under compression.

Static compression modulus of elasticity tests, also known as the initial tangent deformation modulus
tests, were performed in accordance with, obtained from the angular coefficient of the line tangent to the stress-
strain curve between 0.5 MPa and 30% of the compressive strength (fc) of the evaluated mixture. The tests
were performed on cylindrical concrete specimens with nominal dimensions of 10 cm x 20 cm using an EMIC
DL30000 electromechanical press with a 300 kN load cell, as well as a compressometer with independent bases
and dial gauges with a resolution of 0.001 mm.

The flexural tensile strength test was the most complex, performed according to NBR 16940 [80] and
used the same press as the modulus of elasticity test. This is a recent Brazilian standard, specific to fiber-
reinforced concrete, based on international standards, such as the European standard EN 14651 [81] and the
American ASTM C1609 standard [108].

The test consists of prismatic test specimens in a three-point bending setup with a simply supported beam
(500 mm span) and a load applied by a roller in the middle of the span, above the notch. The test was performed
in a closed-loop speed control system with a constant crack mouth opening displacement (CMOD) rate. The
samples tested were prismatic concrete prisms with a cross-section of 15 cm x 15 cm and a total length of
60 cm. To induce cracking in a specific location, a 4 mm notch was made in the middle of one of the lateral faces
of the molding surface, which is smaller than the 5 mm specified by the standard.

To measure the crack opening, a transducer was connected to two metal plates, glued to the faces of the
notch. In the test, the load is applied variably to ensure the notch opening remains constant at a rate of 0.05 mm/
min until CMOD = 0.1 mm, after which the rate is 0.2 mm/min. The test must continue until a minimum opening
of 4 mm is reached.

The main results of the test were: the limit of proportionality (LOP) and the residual flexural tensile
strength (f,,), given respectively, by Equation 1 and Equation 2.

3F1

/o= 261 @

Where: f, = limit of proportionality — LOP (N/mm?); F, = load corresponding to the LOP, being the maximum
load in the range of 0 to 0.05 mm (N); | = span length between supports (mm); b = width of the specimen (mm);
and h = distance between the tip of the notch and the top of the specimen (mm).
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_ 3Fa
Ta = S @
Where: f. = residual flexural tensile strength, corresponding to CMODi — i (1, 2, 3, 4), corresponding to
0.5 mm, 1.5 mm, 2.5 mm, and 3.5 mm (N/mm?); and F, = load corresponding to CMODi — 0.5 mm, 1.5 mm,
2.5 mm, and 3.5 mm (N).

Based on the load vs. CMOD curve, the fracture energy was calculated using Equation 3, according to
RILEM TC FMC-50 recommendations [109].

W,+mgo
G, = 0
= 3)

Where: G, = fracture energy (N/mm); Wo = is the area under load-deflection (N.mm); m = mass (weight)
of the sample (concrete beam) between the supporting rollers (kg); g = gravitational acceleration (9.81 m/s?);
6 = deformation at the final failure of the beam (maximum defection) (mm), b x hSp = corresponds to the crack
path area (the area over the notch).

Non-destructive tests were conducted on the studied concretes. Thus, surface resistivity tests, bulk
resistivity [110-112], and ultrasonic pulse velocity [113, 114] were performed (Figure 5). All the resistivity
tests were determined by constant-frequency electrical resistivity. The device used digitally generated
40 Hz alternating current. Superficial resistivity was based on Wenner’s principle. The Resipod (Proceq)
equipment was used, with a nominal probe spacings of 38 mm and 50 mm and with 4 electrodes between the
probes (Figura 5ab). Measurements were taken on 3 cylindrical test specimens for each mix. Each sample,
3 equidistant measurements were made on the lateral surface, for a total of nine measurements per mix for
each device. The result was the average of these 9 values. The same number of measurements were taken for
all non-destructive tests.

For the volumetric method, a system consisting of two coupled circular electrodes measuring 102 x 102
mm was used for axial reading (Figure 5c). The system offers the option of using either 102 mm x 102 mm
circular electrodes for concrete samples or 42 mm x 42 mm square electrodes for mortars and pastes. In both
operating modes, the device uses a digitally generated 40 Hz alternating current. Measurements were taken on
3 cylindrical test specimens for each mix. Bulk electrical resistivity was measured using the same Resipod
device with metal plates (Figure 5c).

Surface electrical resistivity was measured using the Wenner method with two different devices, both
with 4 electrodes but with different spacing. The “Resi” device from Proceq manufacture has an electrode spac-
ing of 50 mm, and the “Resipod” device, also from Proceq, has a spacing of 38 mm. Each device uses digitally
generated 40 Hz alternating current in all operating modes.

Surface resistivity (p,) measured by the Wenner method is given by:

_ 2raV
pS ]

“

where a is the probe spacing (a = 37.5 mm), I is the applied current, and V is the potential difference measured
by the Resipod.

: .b),

Figure 5: The non-destructive tests used: (a) and (b) surface resistivity tests, (c) bulk resistivity test and (d) ultrasonic
pulse velocity test.
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For cylindrical specimens, a geometric correction factor k must be applied. This factor is defined by
equation 5 [115].

k= 2w
1,09— 0,527 . 7,34 &)
dla  (d]a)’

valid for d/a <4 e L/a > 5, where d is the diameter (mm), the spacing between the probes (mm) and L
is the length of the cylinder (mm). Thus, for the equipment with probe spacing of a = 37.5 mm or 50 mm, the
geometric limits for applying the equation are d < 150 mm and L > 187.5 mm, which is met by the samples used,
with nominal dimensions of 100 mm x 200 mm. The corrected resistivity is then:

_ ps
Pscorrigido — T (6)

To avoid interference from different moisture contents, all the specimens were measured in a saturated
surface dry condition. However, it is worth noting that the Spanish standard UNE 83988-2 [116] already recom-
mends using shape factors to minimize the influence of sample geometry and electrode spacing.

Ultrasonic pulse velocity (UPV) was measured using 50 mm diameter transducers with a frequency of 54
kHz (Figure 5d). This non-destructive test is popular and is used to examine the homogeneity, quality, and pres-
ence of cracks, cavities, and defects in concrete. The time it takes for the wave to travel from one transmitting
transducer to a receiving transducer through the specimen was measured. Using the height of each specimen and
the average time measured, the ultrasonic wave propagation speed could be calculated for each sample.

Figure 5d shows the ultrasound pulse apparatus that was used to transmit and receive ultrasound waves
through the cubes. The pitch-catch method was employed to record the time of arrival times as per ASTM C597
[113]. Pulses were generated by a pair of standard 54 kHz p-wave transducers that were held in contact with the
specimen’s surfaces. Because emitter technology is inexpensive, it is feasible to efficiently test a large number
of specimens.

It should also be noted that the test was performed in a noise-free environment, as tracking performance
can be affected by noisy. The UPV was measured by coupling of the transducers to the surfaces of the concrete
cube in both saturated and dry states. For this experiment, the polymeric gel specified for the UPV testing was
used as the coupling agent. It is main function was to facilitate transmission of ultrasound energy from the emit-
ter to the concrete. Sufficient gel and pressure were applied to the surface of the cubes and the transducers to
ensure stable transit times. Since the recorded results are mainly determined by access to the concrete surfaces,
the transducers were located directly opposite each other. A direct transmission path was adopted for the best
results. Figure 5d illustrates the location of the tested points.

Table 5 shows the parameters for evaluating concrete quality based on the propagation velocity of the
ultrasonic wave, established by Canovas [48].

3. RESULTS

3.1. Basic mechanical tests

Figure 6 presents the average and standard deviation results of the compressive strength tests.

Table 5: Relationship between concrete quality and UPV results, according to Canovas [48].

UPV RESULTS (m/s) CONCRETE QUALITY
UPV > 4,500 Excellent
3,500 < UPV <4,500 Great
3,000 < UPV < 3,500 Good
2,000 <V < 3,000 Fair
V <2,000 Poor
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Figure 6: Compressive strength of concretes tested respect to (a) the content of fiber A, and (b) mixtures containing 1% of
fibers A, B, and C, compared to the reference (without fibers).

Figure 6a shows a decreasing trend in concrete compressive strength values with an increase in the vol-
ume fraction (V) of Fiber A (copolymer). Concrete with a V of 1.5% exhibited 12.5% of reduction in strength
compared to the reference. One potential explanation for the observed phenomenon could be the increase in fiber
volume, which has been shown to result in the incorporation of additional porosity and voids within the matrix.
This phenomenon can be quantified by the slight decrease in compressive strength. A general decreasing trend
was observed, especially for higher fiber content. This behavior can be attributed to poor fiber dispersion and
clumping (“balling effect”) during the mixing process, as evidenced by this study. At the same time, an increase
in water was observed with an increase in fiber amount (Table 4). This phenomenon can be attributed to an ele-
vated water demand, resulting from the water absorption of fiber.

As demonstrated in Figure 6b, the fibers A and C resulted in a reduction of approximately 4% in the
compressive strength when compared to the reference concrete. In contrast, fiber B concrete exhibited an
approximate 3% increase. It is conceivable that this behavior is warranted on the basis that fibers A and C are
monofilaments and do not possess irregular surfaces as compared to fiber B. Furthermore, the length (in milli-
meters) of fiber B exceeds than that of fibers A and B. This can modify the fiber aspect ratio and its adhesion to
the matrix, effective fiber bridging, and properties associated with fiber pull-out, including chemical adhesion
and frictional adhesion [1]. Additionally, a comparative analysis was conducted among concretes with fibers A,
B, and C and the same V, (1.0%), revealing that only the concrete devoid of fibers demonstrated a reduced w/c
ratio. It is noteworthy that the other concretes possess an identical w/c ratio.

Indeed, the stress versus deformation response under compression load tests depends largely of the prop-
erties of the fibers, including their material, geometry, surface, stiffness, tensile strength, fiber volume fraction,
shape, orientation, and distribution of the matrix, as well as the properties of the matrix and matrix-fiber inter-
face [4, 12-16]. In certain instances, the presence of fibers has been observed to induce a stitching effect on
cracks, thereby impeding their propagation and mitigating the ensuing damage under applied loads. Conversely,
under certain circumstances they signify heterogeneous and vacuous zones.

A body of research has identified an increase in compressive strength with the incorporation of PP
macro fibers [40, 77, 117-119]. Other results or reviews have indicated a decrease with polymeric and other
types of fibers [41-43, 120-124]. As indicated in the extant literature, the length, distribution and the surface
finish of the fibers have the capacity to exert an influence on compressive strength [1, 13, 14].

A one-way analysis of variance was conducted, taking into account two independent variables: concrete
type (REF, A, B, and C) and fiber content (nested factor varying only for Fiber A) for the compressive strength
test. The model demonstrated a significant result, as indicated by the calculated value of F and p-value (F
14048 > Ftabulated
ficient of correlation (Rmod) of 0.924). Additionally, the concrete type ((F
content (concrete type) (F 21.00>F

The incorporation of fibers into a concrete matrix signifies introduction of additional phases, thereby gen-
erating an increased number of interface regions and potentially resulting in heterogeneous zones characterized
by the presence of gaps and voids. Consequently, of the material exhibits a decline with an increase in fiber con-
tent. In addition to fiber-matrix interactions, stress transfer, bond and pull-out, and fracture mechanics and inter-
actions across cracks, other factors must be considered when assessing deformation and tension response under
loads [4]. The effectiveness of fibers in enhancing the mechanical performance of the brittle matrix contingent, to

calculated

3.11 and value-p < 0), and yielded a coefficient of determination (R?mod) of 0.854 and a coef-
calentaeq 243 > F 3.49) and fiber
3.89) were found to be significant.

tabulated

calculated tabulated
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a considerable extent on the quality of fiber—matrix interactions. Three types of interactions must be considered:
physical and chemical adhesion, friction and mechanical anchorage induced by deformations on the fiber
surface or by overall complex geometry (e.g. crimps, hooks, deformed fibers) [4].

In the analysis of variance (ANOVA), the model obtained was representative (high R?) , indicating that
both factors analyzed were statistically significant and influenced the property under study. The fiber content
was found to be the most significant factor. The significance of fiber content can be attributed to its impact on
other concrete properties. The increase in fiber content, accompanied by a decrease in specific gravity, alters the
workability due to the balling effect and the resultant trapping of free water [4, 12-16, 125].

This can result in elevated levels of porosity, thereby exerting an impact on the strength and durability
of the material. This observation has been documented in other studies as well [124]. Thus, the porosity is
increased, thereby affecting the durability of the concretes [4, 13, 14, 120]. In this research, workability of the
concrete REF was maintained by increasing the FRC’s water consumption, so increasing the water-to-binder
ratio (minimum of 0.526 and maximum of 0.564) and, consequently, its porosity.

Furthermore, the multiple mean analysis test conducted by Duncan revealed that the concretes REF
and C1.0B were in the same group, while the other two types of concrete (A1.0 and B1.0) were in a second
group. This finding indicates that the data can be divided into two distinct categories. Additionally, Duncan’s
multiple mean analysis test was conducted, with the analysis limited to concretes containing fibers. This
analysis resulted in the formation of two groups: one comprising concrete with fiber B, which exhibited an
average of 42 MPa, and the other comprising concretes with fibers A and C, which both demonstrated average
values of 39 MPa.

Another fundamental property was the modulus of elasticity, the results of which are presented in
Figure 7.

As demonstrated in Figure 7, the outcomes for varying proportions of fiber A exhibited a declining
trend as the fiber content increased, attaining a 11.2% disparity between REF concrete and C1.5A. This
decrease in the modulus of elasticity is attributable to the lower elastic modulus of the polypropylene fibers
in comparison to the cementitious matrix. This finding is consistent with observations from other studies
[12, 123]. The incorporation of plastic fibers with a low elastic modulus (5—10 GPa) into a concrete matrix
has been shown to have a detrimental effect on the overall modulus of elasticity [112]. As illustrated in
Figure 7b, the incorporation of fiber into the concrete resulted in a decline in outcomes, with a maximum of
18.7% achieved using Fiber B.

3.2. Flexural tensile strength
Figure 8 shows the load vs. crack opening diagrams for the samples tested.

From the diagram in Figure 8a, comparing the FRC with Fiber A to the reference concrete (without
fiber), it can be seen how the addition of polypropylene fibers improves the flexural response of the cementitious
matrix. The reference concrete samples broke before the test ended (Figure 9a) with a maximum deformation of
1.88 mm, while the FRCs exceeded 4 mm of CMOD, supporting more load than the REF concrete and did not
break as shown in Figures 9b to 9d. This indicated that the polypropylene macro fibers distributed the tensile
forces and mitigated the crack propagation [112].
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Figure 7: Modulus of elasticity of the concretes tested versus (a) fiber A content and (b) Fiber A, B and C with V. of 1.0%,
compared to the reference.
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Figure 8: Flexural tensile strength test: load CMOD diagrams for the reference concrete and the concretes with: (a) varying
fiber A content (from 0% to 1.5%) and fibers A, B and C at the 1.0% (V).
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Figure 9: Final stage of the flexural tensile strength tests for the concretes: (a) REF, (b) C0.5A, (c) C1.0A, and (d) C1.5A.

In Figure 8b, comparing the FRCs with 1% addition (Fibers A, B, and C) to the concrete REF, it was
observed that the addition of any fiber improved the flexural response of the cementitious matrix. Analyzing the
type of fiber used, a similar behavior was observed between them.

The tendency shown in the graphs, with a sharp drop after the peak load (limit of proportionality), is a
typical strain-softening behavior, where the load-bearing capacity decreases as crack openings increase. The
increase in the addition content of Fiber A increased the load-bearing capacity of the material (Figure 9).

From the diagram data and sample measurements using Equations 1 and 2, the limit of proportionality
(LOP) and residual flexural tensile strengths (fR1 to fR4) were calculated, as presented in Table 6 and Figure 10.
From the results of the flexural tensile strength test, the limits of proportionality of the concretes were calculated.

Regarding the limit of proportionality (Table 6), corresponding to the maximum flexural tensile strength
of the concretes, the values were close, with a slight tendency for the fL to increase as the fiber A content
increased, considering the average. However, when considering the standard deviation, the value remained
practically constant. This is because the opening of the first crack is more closely related to the properties of the
cementitious matrix than to those of the fiber. Since the matrix was kept constant, the addition of type A macro
fibers had no effect on the LOP. However, with the addition of fibers B and C, there was a reduction in LOP with
respect to both the reference concrete and the concretes with fiber A.

In terms of residual strength (Figure 10a), the FRCs with fiber A performed significantly better than the
concrete REF. For fR1 (CMOD = 0.5 mm), the strength increased up to 136% for the C1.5A concrete, and for
fR2 (CMOD = 1.5 mm), the increase was 1157%. The increase in fiber content resulted in an increase in residual
strength. This indicates that the incorporation of fibers into the concrete increased its toughness and ductility
and reduced its fragility.

When comparing the fiber types for the same content (Figure 10b), it was observed that the residual
strengths were close and considering the standard deviations, they can be considered similar. Although concrete
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Table 6: Limit of proportionality of the concretes and parameters from fib Model Code 2010 [125].

CONCRETE FL (MPA) PARAMETERS OF FIB
MODEL CODE 2010 [125]
AVERAGE | STANDARD | COEFFICIENT | FR3/FR1 | FR1/FL | CLASSIFICATION
(MPa) | DEVIATION | OF VARIATION
(MPa) (%)

REF 4.50 0.08 2% - - -
CO.5A 4.60 0.34 7% 0.406 0.152 -
Cl1.0A 4.62 0.22 5% 0.708 0.193 B
Cl.5A 4.71 0.41 9% 0.796 0.229 B
C1.0B 4.01 0.15 4% 0.717 0.223 B
C1.0C 4.16 0.10 2% 0.737 0.205 B
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Figure 10: Residual flexural tensile strengths for the reference concrete and concretes with: (a) varying dosages of fiber A,
and (b) for concretes with 1% of fibers A, B, and C.
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C1.0B and C1.0C had a lower limit of proportionality than concrete C1.0A, their residual strengths were very
close.

MONTEIRO et al. [126] studied the mechanical behavior of steel, polypropylene, and hybrid FRCs by
performing the flexural tensile strength test according to EN 14651 [81]. In contrast to this research, the matrix
had mineral additives such as silica fume and fly ash, and the polypropylene fibers were 40 mm long, with a
consumption of 3, 6 or 10 kg/m* of concrete. The behavior of these authors’ polypropylene FRCs generally
showed the same trend as this research (strain-softening), but maintaining a more constant residual strength, for
the C1.5A equivalent mix.

To assess the impact of fiber type and content on the residual tensile strength, an analysis of variance
(ANOVA) was conducted on the fR3 strength values (CMOD = 2.5 mm). The model demonstrated a high degree
of significance, as evidenced by the calculated value of 10.521, which exceeds the tabulated value of 3.63. This
finding indicates that the model has a strong explanatory power, as indicated by the coefficient of determination
(R? (mod)) of 0.824 and the coefficient of correlation (R? (mod)) of 0.908. Additionally, the fiber type was not
found to be statistically significant (F calculated = 0.62 > F tabulated = 4.26). However, the fiber content was
determined to be statistically significant (F calculated = 19.59 > F tabulated = 4.26).

The analysis of variance (ANOVA) revealed that the presence of fiber A was found to be statistically sig-
nificant. This finding indicates that the content of fiber A exerts a substantial influence on the residual strength,
as evidenced by a representative model that exhibits a high coefficient of determination. However, the fiber type
was not found to be a significant factor. Consequently, in Duncan’s test, all the concretes with 1.0% fiber (1.0A;
1.0B and 1.0C) were placed in a single group, and each of the other contents (0.5A and 1.5A) were placed in a
different group.

As illustrated in Table 5, the results of the concrete utilized in this study are also presented for the classifi-
cation parameters proposed by the fib Model Code 2010 [125]. The ratio between fR3 and fR1 is a critical metric
for the classification of concrete in terms of its residual strength. Concretes C1.0A, C1.5A, C1.0B, and C1.0C
are classified as Class B. According to the criteria outlined in this code, the incorporation of fiber reinforcement
has the potential to substitute for conventional reinforcement in the ultimate limit state (ULS) under certain
conditions. Specifically, the presence of two conditions is requisite: fR1/fL must exceed 0.40, and fR3/fR1 must
surpass 0.5. The initial condition is not satisfied, as the concrete strengths in this study rapidly decrease follow-
ing the formation of the initial crack. Consequently, as per the aforementioned criteria, the FRCs examined were
found to be inadequate in replacing the conventional reinforcement in the ULS.

Despite the fact that fiber-reinforced concretes do not comply with the fib Model Code 2010 [125] cri-
teria for total reinforcement replacement in the ultimate limit state (ULS), the residual flexural strength results
indicate significant gains in toughness and post-cracking behavior. These gains are particularly relevant in appli-
cations where crack control and ductility are paramount, such as in industrial flooring and pavement construc-
tion. Research has demonstrated a direct correlation between the type and volume fraction of fibers and the
residual mechanical performance of the material [4, 14, 15, 120].

3.3. Non-destructive tests

The results of the resistivity excluding the application of any correction factors, are presented in Figure 11a. This
figure illustrates the uncorrected values of SEM 50 mm and SEM 38, along with the bulk resistivity). The values
of k, as determined by equation 4 are 3.27 and 2.35 for the respective SEM 38 mm and 50 mm measurements.
The SEM values that have undergone correction via by equation 5 are displayed in Figure 11b.

In general, as demonstrated in Figure 11a there was a tendency for surface electrical resistivity (SER)
values when not corrected for SEM 50 mm and SEM 38 mm, to exceed bulk resistivity (BR) values. This
tendency remained consistent irrespective of the presence, type, and content of fibers (V). This same tendency
was observed for concretes with other compositions and porosities, but without fibers [46, 64, 66]. The extant
literature indicates that the probe spacing employed in surface resistivity readings, or readings obtained with
probes embedded in concrete specimens, can serve as a significant variable in Re tests, with a lower degree
of significance than the concrete type. Consequently, it is imperative to consider this aspect when comparing
results obtained by disparate devices and equipment [66] and correction factors [125, 127].

It has been demonstrated that probe spacings of a reduced dimension tend to measure real values from
layers of a more superficial nature and in closer proximity to the concrete cover region. It has been demon-
strated that larger probe spacings tend to express Re values from deeper layers of the concrete. Volumetric or
bulk Re is a method of measuring the specimen’s overall resistivity from top to bottom. This approach ensures
a more reliable analysis of the material’s overall property, as it reduces the impact of surface defects or car-
bonation and accounts for the interference of aggregates (primarily coarse ones) in this process [66]. For all
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Figure 11: Surface and bulk resistivities for all types of concrete studied: (a) resistivity without applying correction factor
for SER 50 mm and SER 38 mm, and (b) resistivity with correction factors applied according to the specimen geometry.

concretes examined, in descending order of values, the values of Bulk, SEM 50, and SEM 38 were obtained
(see Figure 11b). Therefore, the resistivity values obtained using different devices exhibited variations, yet
demonstrated a consistent decreasing trend.

It is imperative to ensure the accuracy of resistivity values by utilizing geometry specimens [127].
Figure 11b demonstrates a decline in SER and BR values with an increase in fiber A content in the concretes.
The concrete reference exhibited significant SER and BR values among the concretes examined. This concrete
has the lowest water-to-binder ratio in comparison to other concretes. Concretes with higher compacity and
lower paste porosity demonstrate the highest values of electrical resistivity. This behavior was reflected in
the compressive strength. Therefore, the higher resistivity is the result of physical changes in cement paste,
including pore refinement and densification of the internal structure of concrete [73, 74, 128]. These changes
may also be due to chemical changes in pore solution. The resistivity is a critical parameter for assessing the
durability of concretes, particularly in structures exposed to ion attack, such as those affected by chlorides
in marine atmospheres [128]. According to the SER criterion, concretes can be classified as having high
probability of corrosion [71].

The potential explanations for the observed phenomenon include the hypothesis that the augmentation
in fiber volume may have concomitantly entailed an escalation in porosity and void content within the matrix.



{oc]_ LOPES, R.C.; GUIMARAES, C.M.; GAMBALE, P.G., et al., revista Matéria, v.31, 2026

This hypothesis is predicated on the premise that the slight diminution in compressive strength can be attributed
to these porosity and void-related phenomena. In general, especially for higher fiber content, a decreasing trend
can be observed due to the poor dispersion of fibers and the formation of clumps of fibers (“balling effect”)
during the mixing process, as in the case of this study. Concurrently, an increase in water was observed with an
increase in fiber (see Table 4). This phenomenon can be attributed to the elevated water demand resulting from
fiber absorption (see Table 4).

A comparative analysis reveals that concrete containing 1.0% of fiber B exhibits the highest SER values,
followed by concretes with fibers A and C. In these concretes, the ratio of water to binder remained constant.
It is possible that this behavior is justified because fibers A and C are monofilaments and do not have irregular
surfaces as compared to fiber B. Furthermore, the length (in millimeters) of fiber B is greater than that of fibers
A and B. This can change the fiber aspect ratio and its adhesion to the matrix, effective fiber bridging, and prop-
erties related to fiber pull-out, as chemical adhesion and frictional adhesion [4].

The present study examined the relationship between the fiber content (1%) and the bulk resistivity,
observing a decrease in resistivity with alterations in fiber A, B, and C. This phenomenon may be attributed to
the dispersion and homogenization of the fibers within the matrix.

The stress versus deformation response under compression load tests is contingent on the properties of
the fibers, including their material, geometry, surface, stiffness, tensile strength, fiber volume fraction, shape,
orientation, and distribution of the matrix, as well as the properties of the matrix and matrix-fiber interface [4,
13, 14]. In certain instances, the presence of fibers has been observed to induce a stitching effect on cracks,
thereby impeding their propagation and mitigating the ensuing damage under applied loads. Conversely, under
certain circumstances, they manifest as heterogeneous and unoccupied zones. This phenomenon could be indic-
ative of an increase in the concrete’s porosity with the incorporation of fibers and an increase in the water-to-
cement ratio. These findings align with the observed trends in compressive strength and modulus of elasticity,
thereby substantiating the reliability of the experimental approach. Additionally, the incorporation of fibers was
observed in all resistivity types that were examined, with the general trend indicating a reduction in resistivity,
with the exception of types B and SEM 50. Despite the variation in water content, the concretes incorporating
fibers exhibited a propensity to decrease the values of all measured resistivities (from SEM 50 to SEM 38 mm).

The incorporation of additional phases, namely fibers and fiber-matrix interfaces, has been shown to
suggest a detrimental tendency Re, which can modify crucial aspects of concrete durability, including its mass
transport properties and its resistance to chloride penetration. However, the beneficial effect of fibers on durabil-
ity is evident under loads and on the phenomenon of controlled cracking. Specifically, fibers have been shown
to maintain crack openings (width) of small diameter and little spacing between them. In some cases, these
apertures have been observed to measure approximately 30 to 40 micrometers in diameter [129]. With regard to
bulk resistance, the values of all the concretes studied exhibited minimal variation, with a maximum reduction
of 4.6%. Furthermore, studies have investigated mortars with conductive properties, obtained by incorporating
materials such as single-walled carbon nanotubes and metal fibers. These studies have demonstrated that electri-
cal resistivity is influenced by the conductive nature of the incorporated reinforcements, the homogeneity of the
dispersion, and the connectivity of the conductive network formed in the cementitious matrix [123].

The Spanish coefficients obtained by standard UNE 83988-2 [116] for minimizing the influence of speci-
men geometry and electrode spacing were 0.377 for SEM 50 mm and 0.571 for SEM 37.5 mm. As illustrated in
Figure 12, the relationship between SEM measurement (kohm.cm), corrected by EN UNE 83988-2 [116], and
SEM measurement corrected by [115], is demonstrated (Figure 12).

A strong correlation was observed between resistivity values (kohm.cm) that were rectified using EN
UNE 83988-2 [116] and those that were modified using SEM measurement (kohm.cm), corrected by EN UNE
83988-2 [116], and SEM measurement [115]. The R-square values were 1.0, but with different values for SEM
38 mm and SEM 50 mm.

The compressive strength was found to be correlated with Bulk, SEM 38 mm and SEM 50 mm, as
previously established by [115] (see Figure 13).

Regardless of resistivity type, excellent linear correlations were observed., However, it is important to
acknowledge the limitations of the study, which included a relatively small sample size and a limited variety of
concrete types. In other studies, researchers employed a logarithmic approach to analyze the correlation between
electrical resistivity and compressive strength of concrete devoid of fibers (R-Squared over 0.98) [72].

The relationship between the two parameters was direct and proportional; that is to say, as the com-
pressive strength increased, the electrical resistivity also increased [72—74]. A number of studies have been
conducted on the correlation between compressive strength and surface electrical resistivity of concrete, as well
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as between splitting tensile strength and surface electrical resistivity of Brazilian concretes devoid of fibers.
The following general relationships are observed: fc= 14.18-In(p) + 18.43 and ft = 0.69-In(p) + 2.15. The first
relationship is applicable to compressive strength, while the second is applicable to splitting tensile strength.
In the context of these studies, the concrete specimens were not reinforced with fibers [75]. The present study
found no correlation between flexural strength and resistivity values, nor between resistivity values and modulus
of elasticity.

In the case of concrete with fibers, the presence of fibers, in conjunction with their type and content, has
the capacity to modify the electrical resistivity values of cementitious materials. A study was conducted by some
authors [76] on the electrical resistivity of various mortars incorporating carbon and PVA (polyvinyl alcohol)
fibers. The mortars comprising solely PVA fibers exhibited significantly higher resistivity in comparison to those
consisting of than the materials with only carbon fibers. Moreover, an increase of the PVA fiber content resulted
in a decrease in resistivity. In another study, [77] the electrical resistivity of concrete was analyzed with con-
ductive fibers (steel fibers) and non-conductive fibers (macro-polypropylene, micro-polypropylene, and micro
nylon), with and without silica fume. The results demonstrated a modest decrease in bulk resistivity following
the incorporation of non-conductive fibers into plain concrete, accompanied by a negligible change in surface
resistivity.
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In addition, an investigation was conducted to ascertain the impact of V, (ranging from 0% to 1.5%
copolymeric fiber) on the BR. This investigation employed a one-way analysis of variance (ANOVA) statistical
approach as a methodological framework. The model demonstrated a significant result (F_, . 3.098>F
2.90). However, the coefficient of determination (R? (mod)) and the coefficient of correlation (R _(mod)) were
found to be 0.255 and 0.474, respectively. Conversely, the impact of fiber type on the BR demonstrates that
the model was statistically significant (F_, = 79.070 >F_  =2.90) with a coefficient of determination
(R2mod) of 0.881 and a coefficient of correlation (R ) 0f 0.939. The fiber type proved to be a significant vari-
able in the BR. Accordingly, the Duncan test displays the mean values for each type of V of the FRC studied
(0%, A, B, and C).

As illustrated in Figure 14, the ultrasonic pulse velocity results for the studied concretes presented. An
increase in the number of fibers can lead to alterations in the velocity of ultrasonic wave propagation. These
alterations can be attributed to the formation of voids and/or clumping. Indeed, although large volumes of fiber
are desirable from the point of view of improving mechanical behavior, practical application limitations may
occur with larger volumes of fibers (greater than 2%) from the point of view of mixing, workability, molding,

and compaction of fibrous concretes [4, 13, 14, 36].

A decrease in the mean value of the UPV was observed in Figure 14a, accompanied by minimal variabil-
ity, as the V_ increased. The variation between the reference concrete and those with varying additions of Fiber
A (100% pure copolymer) was minimal, with a difference from 0.9% to 1.6%. These values correspond to the
respective concretes 0.0% (ref), 0.5%, 1.0%, and 1.5%, respectively. This variation in results is indicative of the
inherent inconsistencies in the data. A review of the extant literature reveals a consistency in the findings, with
studies demonstrating a decrease in ultrasonic velocity as the steel volume fraction increases [49], and decreases
in ultrasonic velocity for various fibers, including nylon, polypropylene, stainless steel, and glass [51], as well
as PVA fibers [130, 131].

The UPV exhibited an increase concomitant with the rise of V. This phenomenon manifested in com-
parison to the reference concrete value established. The potential for this occurrence may be attributable to the
incorporation of mineral additions, such as silica fume and fly ash into to the matrix. The experimental findings
indicated that UPV was 2,650 m/s for the concrete without fibers, while the UPV on the concrete with fibers
was 4,900 m/s.

As indicated by the research ultrasonic pulse velocity (UPV) tests had been performed to evaluate the
internal integrity, homogeneity, and density variations of concrete samples. The presence of polypropylene mac-
rofibers has been demonstrated affect wave propagation by introducing discontinuities or increasing porosity
due to fiber dispersion, especially at higher volumes. The presence of these changes can be detected through
variations in UPV values. Previous studies have demonstrated a correlation between these variations and the
presence and distribution of fibers in the concrete matrix [132].

In consideration of the comparison of V, (1.0%) (Figure 14b), the C1.0B concrete (with polyethylene/
polypropylene fibers) exhibited a marginally elevated velocity in comparison to the other specimens (1.8%
compared to REF), aligning with the observed trend in the preceding test.
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Figure 14: Average and standard deviation of ultrasonic pulse for the reference concrete and concretes reinforced with: (a)
fiber A, and (b) fibers at 1.0% V..
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The UPV value exhibited minimal sensitivity to the incorporation of fibers; however, it demonstrated
discernible sensitivity to variations in compressive strength values. All the concretes examined were classified
as excellent quality by Canovas [81]. The present study demonstrated a strong correlation between UPV and
compressive strength (R? = 0.9979) (see Figure 15), as well as between UPV and modulus of elasticity (see
Figure 16). Additionally, a correlation was observed between UPV and modulus of elasticity in GPa. In the extant
literature, strong positive correlations with R? values greater than 0.90 have been documented for concretes
devoid of fibers and various types of cements [72] as well as for concretes containing fibers. An increasing trend
was observed in the plot of compressive strength as a function of UPV, concurrent with the increase in the alkali
content of geopolymer mortars. The slope values exhibited a strongly related linear function relation with R?
values ranging from 0.87 to 0.96 and flexural strength values ranging from 0.94 to 1.00 [133]. As indicated by
the findings of [140], the correlations between UPV and flexural strength were considerably weaker, with R?
values ranging from 0.0036 to 0.712.

A clear exponential correlation between UPV and compressive strength was observed for concrete rein-
forced with polyvinyl alcohol (PVA) fibers [134]. In contrast, the correlation between UPV and flexural strength
exhibited considerably weaker associations, with R? values ranging from 0.0036 to 0.712 [134]. This scatter
could be attributed to variability resulting from the combined influence of crumb rubber particles and PVA
fibers. The weaker correlation observed for flexural strength in comparison to compressive strength is likely
attributable to localized fiber-induced crack-bridging effects, which may not be adequately captured by UPV
measurements [134].

The effect of 'V (from 0% to 1.5% copolymeric fiber) on the UPV was investigated through the utilization
of a one-way analysis of variance (ANOVA) statistical approach. However, this approach yielded a coefficient of
determination (R’mod) of 0.235 and a coefficient of correlation (Rmod) of 0.485). Also, the impact of the fiber
type on the UPV was examined. The model demonstrated a significant result (F 5.887>F 2.91) with
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a coefficient of determination (R’mod) of 0.363 and a coefficient of correlation (Rmod) of 0.602).
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The present study examined the relationship between the reinforcement index (RI) and the mechanical
properties of concretes containing polypropylene fibers in various volumes (0, 0.4, 0.8, and 1.2%) and lengths
(40, 50, and 60 mm). The results demonstrated a linear correlation between the RI and the mechanical properties,
with a correlation coefficient of 0.79. An increase in the RI corresponds to a decrease in the compressive strength.
The findings indicate an absence of a correlation between IR and the Static Modulus of Elasticity, even when
the correlation coefficient reaches 0.47. This observation suggests that the Static Modulus of Elasticity remains
largely uninfluenced by PP fibers. Consequently, conventional concrete formulas can be employed to calculate
its value, irrespective of the presence of reinforcing fibers. This conclusion holds true for PP fiber volume
fractions ranging from 0% to 1.2% [135].

The correlation between the reinforcement index and ultrasonic pulse velocity, as determined by the
three prospecting methods, is indicative of a relationship between the variables. Conversely, an increase
in the RI is associated with an increase in the UPV. However, a significant correlation was identified only
through the indirect method regarding the relationship between the dynamic modulus of elasticity and RI. The
correlation between dynamic and mechanical properties is significant. There is a strong relationship between
UPYV and compressive strength, as well as between UPV and the static modulus of elasticity. In both cases, the
indirect prospecting method was the sole method that demonstrated a significant correlation. Consequently,
empirical equations have been developed to represent these relations. In the initial instance, an elevated UPV
is associated with diminished compressive strength, as evidenced by a correlation coefficient of 0.64. In the
second case, the correlation coefficient between the UPV and the static modulus of elasticity is 0.68, indicating
a direct relationship between the two parameters. Conversely, a correlation has been demonstrated between the
dynamic modulus of elasticity and compressive strength. However, this correlation does not extend to the static
modulus of elasticity. Therefore, a correlation equation of the dynamic modulus of elasticity with compressive
strength and RI has been developed [135].

The volumetric resistivity exhibited no linear or logarithmic correlation with UPV; rather, it demon-
strated a degree 3 polynomial relationship.

4. DISCUSSION

The incorporation of fibers into the concrete specimens examined typically led to a diminution in the con-
crete’s compressive strength and modulus of elasticity. However, a substantial enhancement in its flexural ten-
sile strength was observed subsequent to cracking. The incorporation of fibers into the cementitious matrix
enhanced its ductility. This enhancement is attributed to the action of polypropylene fibers, which function as
bridges between cracks, thereby impeding crack growth [118].

To corroborate this analysis, the graph in Figure 17 presents the fracture energy of the concretes. The
incorporation of fibers has been demonstrated to result in a substantial increase in energy, ranging from 152%
to 369% compared to concrete REF. The fracture energy is the primary parameter that governs the damage and
fracture mechanisms [136]. It is defined as the total energy required for the rupture of a unit area of concrete
fracture ligament [137]. The enhancement in fracture energy can be attributed to the crack-bridging effect of the
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PP fibers. The presence of multiple post-failure cracks, as well as a reduction in the brittle failure mechanism
characteristic of the cementitious matrix, have been observed [118]. As anticipated, an increase in the content
of fiber A resulted in an observable rise in energy levels during the observation of concretes. A comparison of
various fibers revealed that concrete C1.0A exhibited a higher fracture energy.

A comprehensive analysis of the conducted tests revealed that Fiber A exhibited the optimal overall per-
formance at a mass percentage of 1%, corresponding to a fractional volume of 3.35%. Concrete C1.5A demon-
strated a 34% increase in residual flexural strength compared to C1.0A. However, its classification according
to the parameters of the Fib Model Code [125] remained unchanged (class B), and its performance in the other
tests was lower than that of C1.0A concrete. Therefore, it can be concluded that C1.0A concrete is a more eco-
nomical concrete than C1.5A. This is due to the fact that C1.0A improves the tensile performance compared to
REF concrete, with only small or insignificant losses in other properties.

An evaluation of the three fibers utilized, each with a fixed content of 1%, revealed a generally similar
behavioral pattern. Concrete with fiber B demonstrated superior performance in non-destructive tests and com-
pressive strength. In the flexural tensile test, C1.0A concrete exhibited higher LOP and fracture energy.

Some interesting correlations were observed between destructive and non-destructive tests. A greater
volume of fibers can result in a slower speed of propagation of ultrasonic waves. This was noted on the
Figure 14. At the same time, the material, geometry and shape of the fibers can affect how they disperse and
distribute in the cementitious matrix. This seems to be reflected in the propagation speed of ultrasonic waves,
as shown in Figure 14b. Therefore, the Fiber B with irregularities on their surface allowed better adhesion to
the matrix, resulting in higher ultrasonic wave speeds in the concrete. In this study, second UPV results, the
geometry of fiber had influenced more than the type of material of fiber.

A number of noteworthy correlations were identified between destructive and non-destructive testing
methods. An increase in the number of fibers present can lead to a reduction in the velocity of ultrasonic wave
propagation. This observation is corroborated by Figure 14. Concurrently, the material, geometry, and shape of
the fibers can influence their dispersion and distribution within the cementitious matrix. This phenomenon is
exemplified by the propagation speed of ultrasonic waves, as demonstrated in Figure 14b. Therefore, the pres-
ence of irregularities on the surface of Fiber B facilitated enhanced adhesion to the matrix, thereby resulting
in elevated ultrasonic wave speeds within the concrete. The present study’s findings, which are consistent with
those of the second UPV study, indicate that the geometry of the fiber is a more significant factor than the type
of material used in determining the outcome.

There are correlations between compressive strength and resistivity. The SER and bulk resistivity
increase, the compressive strength increases, probably because these two properties are influenced by the poros-
ity and microstructure of the cementitious matrix. It is known that electrical resistivity readings taken at different
probe spacings and with probes embedded in concrete specimens can significantly affect Re test results, with a
lower degree of significance than the type of concrete. Therefore, it is necessary to take this into account when
comparing results obtained using different devices and equipment [46, 53, 66, 72].

An interesting result is that the UPV technique was sensitive to expressing changes in volume and differ-
ent fiber materials/geometries into the concretes studied and their compressive strength.

Regarding the flexural tensile test, the best correlation with the non-destructive tests was the limit of
proportionality with the ultrasonic pulse velocity. The correlation was inversely proportional, which is contrary
to expectations since higher velocity values generally indicate more compact cementitious matrices. Then, a
relationship was established between the limit of proportionality (MPa) and UPV - ultrasonic pulse velocity
(m/s) for the (Equation 7), with an R?value of 0.7644.

Ultrasonic pulse velocity value =—136.59 limit of proportionality + 5,463.8 @)

5. CONCLUSIONS

The present study investigates the mechanical performance of concretes reinforced with polymeric fibers, taking
into account varying of the different levels (from 0% to 1,5% of V). The ensuing conclusions are derived from
the results presented herein:

» the modulus of elasticity was found to be negatively impacted by the incorporation of fibers within concrete
specimens. The compressive strength exhibited a greater susceptibility to alterations in fiber content compared
to the specific type of concrete utilized.
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6.

the optimal content of polypropylene macro fiber A, as determined by a comprehensive evaluation of the
experimental results, was determined to be 1% (concrete C1.0A).

the utilization of distinct fiber types (A, B, and C) with equivalent Vf exhibited minimal influence on the
modulus of elasticity and residual flexural tensile strengths. The C1.0B concrete demonstrated superior
performance in compressive strength, while the C1.0A concrete exhibited superior performance in the tensile
strength test, particularly with regard to the limit of proportionality.

concretes with fibers A and C exhibited a tendency towards decreased electrical resistivity, particularly surface
electrical resistivity (up to a 19% reduction), while ultrasonic pulse velocity remained relatively constant.
Conversely, the 1.0B concrete exhibited minimal variation in surface electrical resistivity and exhibited a
modest increase in ultrasonic pulse velocity.

the present study demonstrated a marked improvement in residual flexural tensile strengths with increasing
fiber content, indicating that the FRC exhibited greater ductility.

The FRC approach was found to be advantageous, particularly in concretes subjected to flexural tensile
strength demands, as it resulted in an enhancement in flexural performance.

In light of the minimal alterations observed in the other properties, a heightened focus on durability aspects is
imperative. The performance of the three types of fibers studied (A, B, and C) was found to be “equivalent”,
with no significant differences observed between them. This finding serves to confirm the satisfactory
performance of the fibers in relation to the concrete properties that were examined.
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